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Section 1
VIBRATION TESTING

PITFALLS IN RANDOM SIMULATION

Warren C. Beecher
Instrument Division
Lear Siegler, Inc.
Grand Rapids, Michigan

input wide band random g plots.

recommended.

This paper outlines certain problems in producing proper simulation of
field environmerts and specification requirements for random vibration
at the mounting points of the test specimen. These problems fall inte
two general categories: the equalization process and testing practices.
Under the first heading, two general types of equalizers (series-
connected and parallel bandpass) are discussed and four methods of
equalization by matching transfer plots are compared: constant input-
voltage swept-sine G plots, constant-output inverse-input swept-sine
plots, constant input-voltage scanning-random g plots and constant-
The last method shows consistently
good results and is the basis for automatic equalization equipment. A
new method is developed for the successful appiication of wide band
noise equalization to the series-connected peak/notch type equalizer.

Under the second heading, the effects of holding fixture design and
accelerometer mounting practices are discussed, and the significance
of notches in the fixture response curve is explored. The construction
of dummy loads is outlined, and their application is explained. Labo-
ratory experiments show the unsuitability of narrow band sweep testing
techniques for multi-degree-of-freedom test items. Some tentative
boundary selections for wide band segmented random noise tests are

INTRODUCTION

Ever since the advent of jet and rocket
propulsion, an incrensing proportion of meas-
ured environments have departed from
sinusoidal-type vibration and adhered more or
less closely to wide band random noise. There
has been some controversy in the past about
the desirability of duplicating these environ-
ments, but the practicing engineer faced with
a requirement from a military specification
has no doubt about the necessity. It has often
been assumed that after the acquisition of ran-
dom noise vibration test equipment, faithful
adherence to the manufacturer's recommenda-
tions for its use should resull in adequate sim-
ulation of the required environment. However,
it is impossible for the manufacturer to treat
the subject with this much detail in the average

instruction manual; in addition, the nature of
certain problems and their solutions are just
now becoming evident.

Continuing experiments at this laboratory
have resulted in improved practices in the twin
fields of random equalization and testing which
should prove of interest to others engaged in
these fields ~ either through corrcobcration of
their findings, or by the stimulation of further
investigation.

EQUALIZERS

The first equalizers to reach the market
consisted of several peak/notch-type filters
supplemented by general curve-shaping devices
including bandpass filtcrs, low pass filters and




"graphic'' equalizers. All filters in use are
connected in series or cascade, and only as
many filters are used as are required. Al-
though newer devices are considerably more
efficient, they also require a considerable
capital outlay, and many series-type equalizers
are still in use. In the discussion of equaliza-
tion methods, a new method is proposed which
increases the speed and accuracy of equaliza-
tion with the series equalizer.

The parallel bandpass-type equalizer con-
sists of multiple bandpass filters parallel con-
nected so as to divide the spectrum into small
bits, each adjustable in amplitude. If a second
set of parallel-connected bandpass filters is
furnished, a parallel bandpass filter analyzer
can be constructed to monitor the parallel band-
pass filter equalizer. When the equalizer is
servoed to the analyzer, the autocmatic equal-
izer results. Tt is obvious that the servoed
equalizatior is extracted from a comparison
with wide band random: noise by inherent de-
sign necessity.

STANDARD EQUALIZATION
TECHNIQUES

Two standard equalization techniques for
peak/notch equalizers are frequently mentioned
in the manufacturer's literature, each using a
sweeping sine oscillator to scan the test item
over the specification range. In the first
method the oscillator voltage is established at
a fixed point and held constant over the fre-
quency range. The resultant variations in out-
put g levels corresponding to the test item re-
sponse are plotted. The apparent disadvantage
of this method lies in the fact that rather high
g levels may be reached at the test item moni-
toring point if high Q resonances are present.
If the actual test item {(or in some cases a fac-
simile thereof) is present, damage may occur.
For this reason, a rather low input level is
usually chosen.

This difficulty is eliminated by the second
method, which frequently utilizes the same ref-
erence point as the first, but holds the g level
constant instead of the voltage. To see the
shape of the test item response, the inverse of
the amplifier input voltage is plotted. Where a
log converter is employed, it is usually possi-
ble to plot in inverse by revarsing the polarity
of the output cable plug.

The connection diagram used {or plotting
output g response curves at constant input volt-
age (Method 1) is shown as Fig. 1. The connec-
tion diagram used for plotting inverse input

voltage response at constant g level (Method 2)
is shown as Fig. 2.

The third equaiization technique utilized
involves substitution of a narrow band scanning
random generator for the sweeping sine oscil-
lator [1]. With the exception of this substitution,
the connection diagram remains unchanged.

Two types of narrow band scanning random
generators may be employed — constant band-
width or ¢onstant Q types. If a constant Q
generator is employed, a 3 db/octave power
spectral density rolloff filter must be used to
correct the amplitude level for increasing
bandwidth as the frequency is increased. This
is the method :Iat was employed at Lear Siegler,
Inc.

The fourth equalization technique that was
employed involves submitting the test item to
vibration created by a wide band white random
noise generator band limited according to the
test specification. The true root-mean-square
{TRMS) output g level was adjusted to equal the
level called out in the test specification for the
final equalized value. The connection diagram
is shown as the alternate connection of Fig. 1.

SELECTION OF i'EST ITEMS

If an equalization technique is to be ac-
counted satisfactory, it must encompass scme
of the more difficult test conditions, as well as
selected simplified cases. For this reason, a
horizontal table driving an intermediate fixture
was used. The test item consisted of a rectan-
gular plate fastened at the four corners and
suspended across a slot in the end of the main
fixture. The dimensions of the plate were made
unequal to insure that at least two degrees of
freedom would have tu ve equalized. Two of
these plates were used. Evidence collected
over a period of time seemed to indicate that
equalizing a resonance higher in frequency than
that of the driving resonance of the shaker-
horizontal table combination presented addi-
tional problems. For-this reason, Sample A
was chosen so that the resonances associated
with the lateral and lengitudinal modes fell
lower in frequency than the shaker-horizontal
table driving resonance (hereafter referred to
as prime resonance (PR). Sample B was chosen
so that the corresponding frequencies lay above
FR.

Figure 3 is a general view of the shaker as
it is coupled to the test item. Figure 4 shows

NOTE: References appear on page 14.




WHITE NOISE
GENERATOR

SINE SWEEP
OSCILLATOR
(SLOW SWEEP)

LOW PASS

GAIN

FILTER

i AMPLIFIER

SHAKER ANO

HORIZONTAL
TABLE

TRUE RMS VTVM
{HOLO CONSTANT INPUT)
YOLTAGE ‘

TRACKING

FILTER
(SCPS BANDWIOTH)

ACCELER

TEST ITEM
ANO
FIXTURE

OMETERH?—'

ACCELEROMETER

LOG CONVERTER

+GOING

FOL LOWER
ANO AMPLIFIER

X-Y

(10 db/ INCH)

OSCILLATOR FREQUENCY ANALOG SIGNAL

SIGNAL

PLOTTER

Fig. 1 - Connection diagram for plotting output g response curves at constant input voltage

(S cps

TRACKING FILTER

. GAIN
SINE SWEEP e
OBCILL I LON Tass & AMPLIFIER SRS 0
SLOW SWEEP FILTER HORIZONTAL TABLE
X-Y -GOING LC6 CONVERTER. . TEST“";TE"
PLOTTER SIGNAL (10 db/INCH) FIXTURE
0SCILLATOR ACCELERCMETER
FREQUENCY

BANDWIDTH)

TRUE RMS VTVM
( HOLD CONSTANT)
OUTPUT 6 LEVEL

ACCELEROMETER
FOLLOWER
AND AMPLIFIER

Fig. 2 - Connection diagram for inverse input voltage plots at constant output g




Fig. 3 - General view of shaker and test
sample with intermediate fixturing
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the details of the two test samples and their
mounting provisions. It should be noted that
the test item mass was kept very low compared
to the fixture mass, so that there could be no
backdriving of the fixture by the test item
resonances.

RESULTS OF TESTING PROGRAM

Figure 5 shows actual response plots for
Samples A and B using the first three equaliza-
tion techniques. The results demonstrate dif-
ferences in both frequencies and amplitudes
between the three methods. Furthermore,
changing the input reference levels in the case
of the sine sweeps caused noticeable changes
in the shapes of the response curves, again
affecting both frequencies and amplitudes. Al-
though equipment availability at the time the
scanning random test was conducted limited the
results to only one curve with thes. iest sam-
ples, previous testing showed that scanning
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narrow band random testing behaved quite sim-
ilarly to sweeping sine, and differences nearly
vanished as the bandwidth was progressively
narrowed. For the curve in Fig. 5d, the band-
width = 0.15 £ where f_ is the operating fre-
quency for any point on the curve.

Later it will be seen that if the fourth
method of wide band random noise input is
used for the basis of an equalization procedure,
correct equalization will result. There is a
corollary to this proposition; i.e., if some other
equalization method is as good as wide band
random input, it cannot show significant devia-
tions from the same response curve that wide
band random input will produce. For this rea-
son the various response curves produced by
the first three equalizati 'n teclmigues are
compared with those prod.ccu from wide band
white noise input for Sample A in Fig. 6 and for
Sample B in Fig. 7.

These curves show that constant output g
sweeping sine (inverse input voltage) plots
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Fig. 5 - Comparison of sweeping sine response curves with each other and with narrow band
scanning random response curve: (a) Sample A with constant input voltage at 1 and 0.2 g rms
at 150 cps; (b) inverse input voltage plot of Sample A to 5 and 1 g rms constant output g sine
sweep;(c) inverse input voltage plot of Sample B to 3 and 1 g rms constant output g sine sweep;
and (d) Sample B - constant input voltage scanning random noise (ref. 1 g rms at 200 cps) vs

1 g rms constant output sweeping sine
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The basic curve for Fig. 6 comparisons is the
GJV cps response of Sample A to an input of wide band white random vibration with a meas-




+201— -

e —
AW
0 A ., A Y
T \ o le
10— v
200 i
(2)
- ' -
L (L
o i WA
| LT ANAA
- PO B
it A =
-10f— : o ’
| .
-204 l —_—

frequency in cps -»

(c)

FM,_ . Fiomd \\jm ,7 1\0 —
gl

-10f X 4 —

Y I S R S S -

frequency in cps -»

(b)

10 30 100 300 1K 3K I?I‘.
+20 i ,-‘1A° L
\ S
e N\ I[F
[AWa)
o et N~ A VR
VT anittil TN Lo
-10 -
.201_ — —

frequency in cps —»

(d)

Fig. 7 - Sine v; random response curves for Sample B: (a) response at 10 g rms random vi-
bration; {b) constant voltage (ref. 3 g rms at 200 cps); (c) constant g level (inverse plot of input
voltage at 1 g rms); and (d) constant level uniform power spectral density scanning random

noise vs wide band noise. The basic curve for Fig, 7 comparisons is the G/V

cps response of

Sample B to an input of wide band randorn vibration with an output level measured at 10 g rms,

20-2000 cps.

produce slightly closer resuits than constant
input sweeping sine when compared to response
curves plotted from wide band white noise con-
stant input. Moreover, these curves show much
closer correspondence for Sample A (sample
resonances below PR) than for Sample B (sam-
ple resonances above PR). Since constant out-
put g sine sweeps are less apt to produce
damage and tend to correlate better with wide
band random, only tiiese are shown for Sam-
ple B.

In the case of Sample A (Fig. 6), the largest
deviations of the comparison were at the low
ends of the spectrum where the sine tended to
roll off more rapidly than did the random re-
sponse curves, especially for the constant input
voltage response curves. The amplitude of re-
sponse at PR was larger for sine than for ran-
dom. The excessive low-end rolloff could be
partially corrected at constant g output by in-
creasing the output level, but this did not nec-
essarily guarantee a match in resonant ampli-
tudes and frequencies. For this reason, and

for the reason that broadband white random input
was just as convenient and could produce more
accurate results, the best constant g level for
sweeping sine has not been determined. It is
probable that a best value does exist, however.

In the case of Sample B (Fig. 7), the largest
deviations of the comparison took place as a
high-end rollup of the sine curve especially in
the frequency region above PR, This was ac-
companied by a tendency for too much sine re-
sponse rolloff at the extreme low end. Heavier
level constant output g shakes tend to match
wide band white random response curves, but
the chance of finding a sine level which will
match all portions of the curves for both fre-
quency and amplitude appears to be quite re-
mote in the case of Sample B, where resonant
peaks occur beyond PR.

All of the above is of little importance un-
less it can indeed be proved that equalization
to the wide band white noise response curve
will produce a valid equalized response.




Figure 8 shows the steps in a procedure which
yields experimental proof of this proposition.
In Fig. 8a the unequalized response curve of
tice test item is obtained with constant inpu*
voltage wide band white noise in accordance
with the connection diagram of Fig. 1. The in-
put ncise level is adjusted for a voltage that
will produce the specification output level (10.0
rms g in this instance) when the input noise
bandwidth is the same as the specification
bandwidth. To equalize to this curve, the
equalization filters are connected to the white
random noise generator as in the connection
diagram of Fig. 9. The bandpass filter is em-
ployed to band limit the noise to specification
values before feeding it to the equalization
filters. Figure 8c shows the inverse response
of the filters as matched to the unsqualized re-
sponse of Fig. 8a. The closeness of match at-
tained here was limited by the number of peak/
notch filters employed and by the amount of
time available for adjusting them. Some dis-
crepancies do exist, so that the resultant equal-
ization will show some small errors. This is
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borne out by Fig. 8d which represents a close
approach to perfect equalization but with some
errors as large as +5 or +6 db. These were
the result of employing too few peak/notch fil-
ters to get perfect match in Fig. 8c, rather than
of any failure of the method.

TESTING METHODS
Sweeping Sine Tests

Random noise simulation is expensive in
both equipment and in man-hours required.
For this reason, it has been only reasonable
for industry to examine the possibility of sub-
stituting sweeping sine tests for wide band
random tests. Since we have shown that in
almost every instance the measured response
of the typical test item is going to be different
when subjected to sweeping sine than when ‘sub-
jected to wide band random noise, it is fairly
obvious that equivalence of results can be ex-
pected only in a few special cases.
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Fig. 8 - Equalizing Sample B to wide band noise response curve: (a) response at 10 g rms
random vibration; (b) inverse voltage (IV) plot of console output as modified by equalizers to
match (a); (c) comparison of (a) and IV curves showing where filters failed to give perfect
match;and (d) resultant response of Sample B as equalized by equalizer adjustment to IV curve.

The basic curve for Fig. 8 comparisons is the

V cps response of Sample B to an input of

wide band random vibration with an output level measured at 10 g rms, 20-3000 cps.
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Partitioned Random Tests

Many environmental laboratories have
equipment suitable for random noise simula-
tion, but are faced with the problem that mod-
ern test specifications frequently involve higher
specification power spectral densities than
were prevalent in the past. Often the situation
is further complicated by heavier test items.
As an alternative to purchasing equipment with
more force capability, environmental labora-
tories are considering the practicability of
substituting scanning random tests or seg-
mented random tests for a broadband random
test covering the required spectrum in one step.

A series of experiments was devised to
examine the effects of segmenting random noise
spectra into two or more parts covering the
total frequency range, and to attempt to arrive
at suitable dividing boundaries for the partition-
ing process. Figure 10a shows the test item
response to the unsegmented random noise
from 20 to 3000 cps. Figure 10b shows the test
item response when the high end is partitioned
at 2000 cps. 2 frequency above PR (at 1200 cps).
The shape of the response curve below the
partitioning boundary remains unchanged.
Figure 10c shows the test item response when
the high-end boundary is lowered to 1000 cps,

a frequency below PR. In this case, failure to
include the PR peak within the segment has al-
tered the frequency response within the seg-
ment, producing an excessive low-frequency
rolloff. Since it now appears that the

low-frequency segment should include PR

within its boundaries, it is necessary to know if

the same requirement applies to the high-
frequency segment. This was determined as
foliows:

Figure 10d shows the test item response

when the low-end boundary is set at 600 cps to

include the PR peak within the segment. The
portion of the response well above 600 cps is

seen to match the broadband response. Figure
10e shows the test item response when the low-

cnd boundary is set at 1500 cps, 30 as to be

above PR. Again, the portion of the response
well above 1500 cps is seen to match the broad-
band response. In this instance, it is not nec-
essary to include PR within the boundaries of

the segment.

In the case of substitution of scanning ran-

dom tests for wide band random noise tests,
one is forced to raise the question of what is

likely to be gained over sweeping sine tests. It
would appear from the evidence accumulated at
this laboratory that very little is to be gained
unless the scanning random is broadband, in-
deed. Originally it was thought that if the scan-
ning random bandwidth would include the first

two even and first two odd overtones of the
fundamental (a bandwidth of approximately
2 1/3 octaves), reasonably gooc « untization

would probably result. A giance at the results
of segnienting random noise, as dewnonstrated

above, raises serious doubt as to the validily
of any test segment below PR which does not
include PR.
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Fig. 10 - Effects of segmenting random noise, Sample B: (a) response a at 10 g rms random
vibration; (b) response a' compared with a, if high-end cutoff is reduced from 3000 to 200 cps;
(c) response a" compared with a, if high-end cutoff is reduced from 3000 to 1000 cps; (d) re-
sponse b' compared with a, if low-end cutoff is raised from 20 to 600 cps; and (e) response b"
compared with a, if low-end cutoff is raised from 20 to 1500 cps. The basic curve for Fig. 10
comparisons is the GVV cps response of Sample B to an input of wide band white random vi-
bration with a measured output level of 10 g rms, 20-3000 cps.
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Testing With Parallel Bandpass
Filter Systems

Automatic equalizers (and some manual
equalizers with parallel bandpass filters) em-
ploy parallel bandpass-type analyzers with
matching bandwidths. It is poseible for a me-
chanical resonance to have a bandwidth much
narrower than that of the filters. In this case,
it is likely that the resonance will not be prop-
erly equalized, but that the matching analyzer
will not indicate any error. For this reason, it
is wise to check new fixtures with a second
analyzer of narrower bandwidth on the first
equalization attempt. Ideally, the bandwidth
should be very narrow (of the order of 1- or
2-cps bandwidth) but such bandwidths involve
extremely long analysis times. Usually, it is
sufficient to check with an analyzer bandwidth
that is substantially smaller than that of the
parallel bandpass filter analyzer that is being
checked. Bandwidths of the order of 5 to 10 cps
are normal for this purpose. If no apparent
differenc= in results is recorded, the original
equalization should be adequate.

Systems with bandwidths of 25 ¢ps or nar-
rower are nat nearly as prone to the type of
error under discussion as are some of the
wider bandwidth types. It should be realized,
however, that narrower bandwidths are required
for equalizing low-frequency resonances than
for equalizing resonances at the oppos.te end of
the spectrum. This situation arises from the
fact that natural mechanical resonances tend to
cluster around constant Q, rather than constant
bandwidth limits, and this leads to very narrow
bandwidths at the low end of the spectrum even
if the test item resonance is of only average Q.
The majority of resonances fall within the Q
range of 3 to 30. Very few show Q's in excess
of 50.

Whether or not the user buys very narrow
bandwidth filters at the low-frequency end will
depend on his estimate of whether he will need
to equalize any large test items with low-
frequency resonances. Filters with somewhat
wider bandwidths may be employed where the
only function is general shaping. Conversely,
the user may still find it necessary to buy quite
narrow bandwidth filters at the high-frequency
end, if he anticipates test items with high Q
resonances in this frequency region. Items
with high Q resonances also require additional
dynamic range from the equalizer. Ranges of
50 db or more may be required with some tast
items, especially in the case of stepped spectral
specifications.
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Fixturing and Monitoring

The art of designing and using fixtures is
too-involved to more than scratch the gurface
in the space devoted to it here, but a few com-
ments may not be out of order.

The test item is usuaily mounted to some
basic fixture plates at three or more attachment
points. When these attachment points are dis-
tributed in such a way as to make it feasible to
use a single plate, this arrangement is desir-
able. Even when a single plate is possible, it
may be difficult to assure equal inpuis at all
mounting points. One way to improve the
chances for this desirable situation is to place
the attachment points as symmetrically as
possible on a mounting plate that is in itself
symmetrical in a plane transverse to that of
the forcing vibration function. Plates that are
circular, square, or in the form of the other
regular polygons are suitable. I, by careful
fixture design, equal inputs at all attachment
points are achieved, any location immedia.ely
adjacent to these points may be used for the
monitoring accelerometer for equalization or
for monitoring sine vibration. If this equality
is not achieved, worst-point monitoring may be
used, or the technique of averaging outputs of
accelerometers adjacent tc each attachment
point to form one electrical signal may be a
desirable substitute [2,3].

It is desirable to place all fixture resonant
frequencies substancially Lkigher than the top
frequency limit of the specification, but when
this is impossible, a satisfactory equalization
can usually be achieved if there are no pro-
nounced notches in the response curve within
the frequency limits of the specification. If
these notches occur, they do not necessarily
mean a failure on the part of the fixture to ab-
sorb energy from the shaker at the notch fre-
quencies. This condition usually indicates that
the fixture is absorbing energy in such a way
as to produce "oil-canning" or vibration in a
direction transverse to the desired direction.
Another cause of notches may be the absorption
of energy in exciting harmonic or subharmonic
modes rather than fundamental modes. The
presence of major notches in the response
curve of the fixture is a cause for real concern
until the extent and nature of the energy absorp-
tion is understood and verified to be below ac-
ceptable limits for any undesirable modes that
may have been excited. A cross-mode vibration
greater than 100 percent of the in-line mode
is usually considered to be excessive.




When equalization is first attempted on a
new fixture, it may be desirable to use a three-
axis accclerometer and to analyze the cross-
mode response., This practice is particularly
recommended when automatic equalization is
employed, as the servo will attempt to cancel
the notch if this is at all possible. If the notch
is caused by cross-moding, the test item may
be overtested or even destructively tested along
22 axis other than the test axis. The only re-
course the test engineer can follow upon dis-
covering such a situation is to place the affected
channel in the manual mode and reduce the drive
to acceptable limits. If this results in excessive
notching, he may obtain a deviation by showing
the cause of the notch, or he may alter the fix-
ture to remove the problem. Although this
problem may be more dangerous with an auto-
matic equalizer because it is more easily over-
looked, its solution must be accomplished with
any type of equalizer employed.

Since a parallel bandpass filter equalizer
with appropriate bandwidths and sufficient dy-
namic range will "equalize" almost any fixture,
there is a natural tendency to slough off the
nastier problems of good fixture design on the
basis that equalization will take place even if
the fixture is not very good. We have just seen
that what this attitude really means is that we
can excite undesirable modes in the fixture to
almost any extent and thereby invalidate the
test.

It has been pointed out that a failure to fill
a notch may be caused when the energy is being
absorbed in harmonic or subharmonic modcs.
When this occurs, the energy appears as mys-
terious "unequalizable' peaks at the harmonic
or subharmonic frequencies. These peaks can-
not be notched out unless the energy is sub-
tracted at the fundamental rather than at the
peak frequency.

An even more exotic response has been
noticed in a few cases. A fixture may act as a
highly nonlinear device. In this case, two
prominent signals of different frequencies may
mix to form sum and difference peak frequen-
cies, also "unequalizable.” In certain cases,
the sum frequency peak may lie higher in fre-
quency than the frequency of any energy being
supplied to the system. Peaks of this sort will
disappear when either of the causative frequency
components is removed. An investigation will
usually show that the causative components are
high level inputs being used in canceling notches.

It is obvious that the existence of drastic

response notches usually points to equalization
troubles and to fixture design inadequacies.
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Dummy Loads

If the test item mass is a substantial frac-
tion of, or is greater than, the holding fixture
mass, the holding fixture rescnances may shift
appreciably in frequency after the test item is
mounted in place. If the test item has a stiffen-
ing effect on the fixture, other aspects of the
fixture response curve may change as well.

For this reason, empty-fixture equalizations
should be rechecked with the test item in place.
The best solution to problems in this area is
better holding fixture design with fixture-mass
to test-item-mass ratios of 5/1 prefcrred, or
3/1 if at all possible. However, this ideal solu-
tion is not always possible. In some instancee,
it is known in advance that empty-fixture equal-
izations will be invalidated when loaded with the
test item. In this case, equalization may re-
quire that the test item be mounted on the fix-
ture. To preserve the test item from damage
during equalization, three alternatives may be
pursued:

1. The test item and fixture may be ex-
posed to 2 short burst of a few scconds of white
random noise input band limited fo the specifi-
cation limits and regulated to give an acceler-
ometer output level equal to the specification
output level. This short burst is tupe recorded
and formed into a loop for analysis. This anal-
ysis yields the plot for the unequalized response,
and the inverse of the equalizer filter output
voltages may then be matched to this plot as
previously described. This protects the test
item by limiting the time of exposure to possibly
damaging vibration.

2. The level of the white random noise in-
put may be reduced well below that of the test
specification to obtain the unequalized response
directly or from a short-bursi tape recording,
as described above. The results of cqualization
to a reduced level should always be checked at
the full level, as some discrepancies may occur
when the level is shifted.

3. The real test item may be replaced with
an inert dummy test item which has the same
mass, centexr of gravity, and moments of inertia
as the real item. By specifying an inert test
item, the intent is to construct a dummy load in
which all major resonances within the frequency
range of the specification have either been
eliminated or damped to very low levels. It is
quite difficult to construct dJummy loads with
these requirements by machining and assem-
bling solid pieces. Where the real unit has an
outside case, very satisfactory dummy loads
have been constructed by fiiling a spare case
with sand mixed with other granular materials




to provide the proper mass. Partitioning or
the addition of local masses may be required to
locate the center of gravity properly or to pro-
vide proper moments of inertia. The inert
dummy is often better than the real test item
for testing fixture loading because it eliminates
the possibility of test item resonances fceding
back into the fixture.

In all fairness to automatic equalization, it
should be mentioned that some types of auto-
matic equalizers permit a gradual increase in
gain with continual servo action to correct re-
sponse shifts as the test level is gradually
raised to the specification requirement. Pre-
calibration of the specification requirements un-
der a no-shake condition is especially desirable
in this connection. With these types of auto-
matic equalizers, the precautions used to pro-
tect the test item from unequalized shakes as
outlined above are no longer required, provided
always that the fixture does not have cross-
modes, harmonic or subharmonic modes, or
intermodulation modes.

CONCLUSIONS

Equalization to wide band white noise inputs
is the applicable method for series-type peak/
notch equalizers, as well as for paraliel
bandpass-type manual and automatic equalizers.
A satisfactory method of performing this task
for series-type peak/notch equalizers has been
devised.

The converse of the ahove proposition is
equally true — narrow band sweeping sine or
scanning random inputs are not generally ap-
plicable to all equalizations. They are satis-
factory only in some special, and usually sim-
plified, cases. In reviewing the curves in this
paper, it may appear that the region of discrep-
ancies is sniall because of the logarithmic fre-
quency scale employed, but close examination
reveals that these regions occupy 30 to 60 per-
cent of the total spectrum.

We cannot equalize satisfactorily to narrow
band input methods and cannot get correlation
between their response curves and those gener-
ated by wide band random noise; therefore,
they do not seem to be justifiable as substitute
tests for wide band random noise tests.

The only method cf reducing the bandwidth
of wide band random noise tests that seems to
hold much promise is the segmented noise test.
However, the segment boundaries cannot be
chosen arbitrarily. The lowest segment must
have an upper limit above PR. The higher
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segments do not require the inclusion of PR on
the basis of present evidence and, if more than
one segment is used, it appears that the next
boundary can be chosen on an arbitrary basis.
This approach should be viewed as highly tenta-
tive at the present time, and should be investi-
gated in considerably more detail. It is possible,
for example, that successive members of a test
item would act as a series of consecutive PR's
and would have to be treated accordingly. This
would explain why a test item such as a relay
maounted on a partition, which is part of a black
box mounted to a fixture on a shaker, gives such
radically different results when subjected to
random rather than sine vibration [4,5]. It is
hoped that mobility methods may eventually
yield exact mathematical models of the observed
phenomena.

Parallel bandpass-type equalizers offer
tremendous advantages in speed and efficiency
of equalization. It is necessary for the buyer
to specify bandwidths and dynamic ranges
compatible with the characteristics of antici-
pated test items. Scme types of automatic
equalizers protect the test item during the
equalization process, provided the fixture does
not have cross-modes, harmonic or subhar-
monic modes or intermodulation modes.

Fixture design must be conscientiously
perfected for good testing. The presence of
deep notches in a fixture response curve usu-
ally indicates the presence of undesirable modes
caused by inadequate fixture design. These
modes can result in severe overtesting or even
in destructive testing.

Although automatic equalizers offer many
advantages, some precautions are necessary in
their use. They tend to conceal the presence
of notches in the fixture response, so some
check on spurious modes should be made to
aveid the dangers just mentioned. They tend to
show perfect equalization of high Q resonances
much narrower than the bandwidth of the system
filters, whether or not the equalization is cor-
rect. Some checks with a narrow band analyzer
sheuld be made under these conditions.
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VIBRATION MEASUREMENTS

R. W. Mustain
Douglas Missiles and Space Systems Division
Huntiugton Beach, Califoraia

A general discussion of desirable methods and systems for the collec-
tion of vibration information is presented, including a brief review of
previously used and presently available methods of transducing, trans-
raitting, and calibrating dynamic excitations. Vibration instrumenta-
tion techriliques applicable to flight tests and to laboratory vibraiion
tests are studied. Calibration methods and circuits are reported, with
special attention given to end-to-end calibrations of complete systems.
The usage of parallel end-to-end calibrations is recommended, and
empirical data are presented which show the effects of different atten-

measurements.

uators in parallel end-to-end calibrations.

The limitations of telemetry systems are considered. Various
telemetry systems are available for the transmission of flight data.
Because of the diverse instrumentation requirements of aircraft,
missiles, and space vehicles, no single telemetry package, with fixed
capabilitics, will satisty even a majority of applications. Several of
the telenietering systems are described. Measurement of mechanical
impedance is briefiy discussed. Impedance measuring techniques are
reported, and suggestions are given for obtaining reliable impedance

INTRODUCTION

The eminence of vibration measurements
has increased during the past decades with each
advance in aircraft, missiles, space vehicles,
and propulsion systems. For instance, the
transgition from one type of propulsion system
to newer and more powerful units has resulted
in greater flight velocities, larger payloads,
system complexities, and intensification of
dynamic environments.

The trend to greater power plants has ac-
companied the tremendous expansion of the
aerospace industry through two world wars, the
Korean War, and one major depression. World
War I provided the first real encouragement in
this rapid development as the airplane began to
revolutionize warfare. In the 1920's and 1930's,
the advent of in-line and powerful radial engines
created noticeable vibration problems and minor
acoustic enigmas. With the World War .i, the
airplane came into its own as a mighty weapon
of attack and destruction. The accelerated
developments of this second major conflict
produced manned aircraft which were complex
systems with powerful engines capable of

indvcing relatively large vibrations. Further-
more, development of delicate airborne elec-
tronics for controls and guidance created
components with low fragility levels. A notable
transition in aircraft engines occurred near the
end of World War II when the first jet-propelled
aircraft appeared (the P-59 and the P-80) to
present a new dynamic environment encompass--
ing troublesome acoustic excitations. In due
time, the dynamic engineers became acquainted
with the many pitfalls of the jet engines and
their attendant vibrations that caused failures
of equipment, systems, and structures.

It was during this period, in the 1940's,
that some of the first airborne recordings of
vibration data were obtained. It was then that
recording oscillographs with string-type
galvanometers were first utilized to collect
vibration data transduced by potentiometers,
strain gages, and variable reluctance pickups.
The potentiometer accelerometers provided
data at very low frequencies and were used
rather unsuccessfuily to record aircraft
maneuvers, landings, and takeoffs. The most
useful and meaningful vibration data were ob-
tained during this period by the utilization of




strain gages. These data consisted of structural
loads measured with bonded strain gages ard
dynainic excitations reproduced rather faithfully
by unbonded strain gage accelerometers.
Bonded strain gages were used in great quanti-
ties on various aircraft for many purposes. For
example, loads on longerons, spars, frames,
panels, landing gears, landing hooks, and
similar items were measured by the application
of strain gage elements smaller than postage
stamps. Many unique schemes were devised to
take advantage of these small devices. Bounded
strain gages were cemented to Bourdon tubes,
rudder pedal links, control sticks, and special
beams to measure pressure, rudder forces,
stick forces, and relative position, respectively,
in flight test aircraft. The unbonded strain
gage acceleroraeters (considerably larger than
the bonded gages) provided electrical signals of
semistatic aircraft motions and structural
vibrations. The useful frequency range, in
generai, of these unbonded seismic elements
ranged from dc to somewhere around 100 cps.
These unbonded strain gage accelerometers
became the first real work-horse instruments
for the definition of aircraft vibration environ-
ments.

Simple calibration techniques were the rule
of the day for these early instrumentation sys-
tems. For instance, it was accepted procedure
during the 1940's to perform only zero g, +1 g,
and -1 g stalic calibrations within the aircraft.
These static calibrations were accomplished by
turning the accelerometer around physically
while it was connected to the balancing circuit
and the recording equipment. Also, additional
calibration steps were provided by precision
calibration resistors connected across the
strain gage bridge. However, these calibrations
resulted in static or dc values only and, conse-
quently, yielded no information on the frequency
response of the system.

The last decade has seen the space age
become a reality with its multistage vehicles
and its thunderous rocket engines produc’ng
thrusts in the millions of pounds. Phasing into
the high-thrust rocket systems created severe
shock, vibration and acoustic environments.
The previous engines had produced some diffi-
culties, but these difficulties were magnified by
several degrees in the missile and space pro-
grams. These conditions enhanced the value of
defining dynamic environments. Since it was
apparent that dynamic excitations existed (both
in jet aircraft and rocket-propelled vehicles)
well above 100 cps, it became highly desirable
to develop instrumentation systems with
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high-frequency characteristics [1]. This
impetus resulted in noticeable advancements in
vibration mensurations during the 1950's. This
rapid advancement led to the popular accept-
ance of piezoelectric accelerometers with their
inherently higher irequency response. Concur-
rently, advances in electronics and recording
media augmented the piezoelectric capabilities
to create inestimable improvements in the
measurement of dynamic environments. Thus,
the 1950's and the early 1960's have seen the
profitable use of high-fidelity magnetic tape
recordings, with and without telemetry sys-
tems, to compile immense amounts of vibration
data from aircraft, missiles, and space vehicles.

Because there is a never-ending quest for
information and improvements on vibration
instrumentation, this report continues with a
general discussion on methods and systems for
the collection of vibration data. This discussion
includes a brief review of previously used and
presentiy available methods of transducing,
transmitting, recording, and calibrating dynamic
excitations. System parameters and procedures
that will prevail within the rext few years are
described and recommended.

TRANSDUCERS AND
CONSIDERATIONS

Many variegated versions of transducer
elements have been developed for the purpose of
converting mechanical motions into equivalent
electrical signz's. These elements include
strain gage, piewzdelectric, variable inductance,
variable capacitance, variable resistance, and
magnetoelectric instruments. Although most of
these elements have been used in various
instrumentation systems to measure vibrations,
the elements that have provided the most satis-
factory vibration measurements are the strain
gage bridge and the piezoelectric crystal. In
general, the bulk of vibratory measurements in
aircraft, missiles, and space vehicles has been
compiled by utilization of these two devices. In
environmental laboratories, the strain gage and
the piezoelectric sensors have been augmented
by the self-generating velocity transducer.
However, these self-generating (magneto-
electric) transducers are rapidly being replaced
in most environmental laboratories by piezo-
electric accelerometers with their inherently
higher frequency response.

Primarily, the unbonded strain gage
element owes its remaining popularity as an
accelerometer to its low-frequency response.

NOTE: References appear on page 43,




Of all the practical sensing elements, the un-
bonded strain gage accelerometer provides th.
best response in the low-frequency end, for this
element is useful down to dc. Thus, the strain
gage accelerometer, on occasion, is specified in
place of, or in support of, the piezoelectric ac-
celerometer to investigate low-frequency mo-
tions. The strain gage is defined as an element,
or group of elements, which change resistivity
as a function of applied stress. The unbounded
strain gage accelerometer consists of four {ine
wires or filaments arranged so that two wires
are stretched (tensioned) and two wires are re-
laxed (contracted) upon application of the force
being measured. The application of tensile force
to a filament increases the length, decreases the
radius, and increases the resistivity of the fil-
ament. These changes are related to Poisson's
ratio, (Ar/r)/(AL/L), where r is the radius and
L is the length of the filament. The utilization
of the stressed filament is based on the above
effects of strain on the electrical resistance of
the filament. The change in resistance AR is a
function of strain, (dJL)/L, i.e., increased re-
sistance for tension and decreased resistance
for compression. In usage, the strain gage
wires or filaments are connected electrically

to form a Wheatstone bridge. The active
elements are wired so that opposite legs of the
Wheatstone bridge increase or decrease their
resistance at the same rate for a given mechan-
ical input. The greatest censitivity of the strain
gage Wheatstone bridge is attained when two
opposite legs are in compression (decreasing
resistance) and when, simultaneously, the other
two legs are in tension (increasing resistance)
(Fig. 1). Electrically, under these conditions,
the results are additive in the Wheatstone
bridge, and thus, the four active legs, correctly
wired, provide the greatest sensitivity of the

Rs

Wheatstone bridge. In this casc, the output
voltage, E_, is a Iunction of the algebraic
factor,

AR
R
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Whereas the unbonded strain gage is used to
measure accelerations, the smaller bonded
strain gage is admirably suited to establishing
fatigue criteria on panels and structural mem-
bers. Strain-gaged paiels have been used to
study fatigue failures caused by extreme pres-
sure fluctuations associated with high-intensity
acoustic excitations from jet and rocket engines.

In 1880, Pierre and Jacques Curie founded
the science of piezoelectricity when they dis-
covered that certain crystals generated an
electric charge when compressed in particular
directions. The Curie brothers noted that the
charges were proportional to the applied pres-
sure and disappeared when the pressure was
withdrawn. They observed the piezoelectric
effect on zinc blende, sodium chlorate, boracite,
tourmaline, quartz, calaiiine, topaz, tartaric
acid, cane sugar, and Rochelle salt. Since
that time, over 1,000 piezoelectric crystals
have been identified [2]. Some of the materials
investigated for their ability to perforni as
piezoelectric accelerometers are barium
titanate, lead titanate—lead zirconate, am-
monium dihydrogen phosphaie (ADP), potassium
dihydrogen phosphate (KDP), quartz, lithium
sulfate, lead metaniobate, Rochelle salt, and
tourmaline. These materials contain crystal
domains oriented in the same direction, either
by nature or by polarization during the manu-
facturing process. When stress is applied to
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Fig. 1 - Typical strain gage circuitry




these piezoelectric materials, minute motions
of the crystal domains generate electrical

charges Q proportional to the applied force [3,4].

A strain x causes an electric polarization equal
to the strain times an appropriate piezoelectric
stress coefficient. Similarly, an electric field
causes a piezoelectric stress cqual to the elec~
tric field times the piezoelectri~ stress coef-
ficient. Figure 2 [5] shows a simplified test
circuit for the measurement of open circuit
crystal voltage. The following relationship
applies:

Qp = Ey (CotCytC+Cy) . (1)

The crystal open circuit voltage = E = Q,/Cp
and the energy = 1/2 Q E, = 1/2 C,E}
expressed in joules.

The importance of obtaining high-frequency
vibration measurements has resulted in the
general selection of piezoelectric accelerom-
eters for most aircraft, missiie, and space
vehicle applications. These self-generating
crystals have the ability to reproduce faith-
fully high-frequency excitations. The frequency
range of the piezoelectric accelerometer is a
function of the type of material, the rechanical
design, and the desired sensitivity. Elements
have been made with natural frequencies as
high as 90 ke [6]; however, most environmental
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Fig. 2 - Simplified test circuit for meas-
urement of open circuit crystal voltage
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vibration tests have been limited to 2000 cps,
and supporting field data have not greatly
exceeded this limit. A partial cause for this
limitation has been the lack of telemetry sys-
tems with responses greater than 2100 cps.
Recent developments in single sideband telem-
etry have resulted in frequency ranges from 50
cps to approximately 3000 cps. Satisfactory
magnetic tape recorders are available with FM
electronics for recording from dec to 20,000 cps.
Presently, the response range of commercially
available piezoelectric accelerometers is
indeed adequate for vibration measurements.
Piezoelectric eleinents have been developed as
integral impedance heads for the measurement
of the ""esoteric' parameter of mechanical im-
pedance. The measurement of mechanical im-
pedance is becoming a requirement throughout
the aerospace industry.

Any consideration of the application of ac-
celerometers must encompass various charac-
teristics influencing the quality of the data to
be obtained. The user and the maker of ac-
celerometers are concerned with fundamental
characteristics such as frequency response,
linearity, axial sensitivity, transverse effects,
response to acoustic excitations, temperature
effects, vacuum effects, shock fragility, and
vibration fragility. In addition, other factors
such as transducer location, impedance match-
ing, recording media, method of transmission,
method of installation, service life, storage life,
and reliability are of primary interest tothe user.

An indication of expected values of pertinent
transducer characteristics can be obtained by
examining Table 1 which gives data on some of
the piezoelectric accelerometers that are avail-
able commercially. No one accelerometer is
capable of matching the transducer character-
istics given in this table. The values listed are
the extremes of many different accelerometers
taken from commercial literature. From this
array of characteristic ranges, the transducer
best suited for the task can be selecled.

The location of sensing elements is depend-
ent on the particular environmental problem.
Pickups may be required to establish panel
fatigue criteria, to measure vibration response
of primary structure, and to measure the re-
sponse of equipment in dynamic environments.
Pane! fatigue criteria are best measured by
bonded strain gages. Responsec can be deter-
mined by the use of accelerometers.

Obviously, panel fatigue studies are best
obtained with bonded strain gages appried ai the
point of greatest stress. The exact method of




TABLE 1
Characteristics of Some Commercially Available
Piezoelectric Accelerometers

Characteristic Value
Dynamic range (g) 10-5 - 105
Frequency response (cps) 0.1 - 32,000
Temperature range (°F) -452 - +750
Linearity (%) +0.5, +1, +2
Sensitivity (Mv/g) 0.5 - 3500
Lowest resonant frequency (ke) 1.6 - 140
Transverse sensitivity (%) +0.25, +.5, +1, +3, %5
Acoustic response at 155 db SPL (g) .01 - 0.1

locating the strain gage will vary with each type
of panel. Gages should be located adjaceint to
fasteners, rivets, and boundaries of panels.
Most panel failures caused by acoustic excita-
tions will tend to propagate outward irom rivet
and fastener lines. It is also useful as a
method of monitoring panel response to place
strain gages in the middle of panels where the
greatest deflection occurs and where there are
no steep stress gradients. In laboratory tests,
this serves as a warning of impending trouble.

The determination of vibration gradients
through aircraft, missiles, and space vehicles
can be accomplished by placing accelerometers
on primary structure. Accelerometers, with a
minimum of bracketry, should be mounted on
heavy members such as spars, longerons, inter-
costals, and rigid ring frames. The location of
accelerometers on skin panels should be
avoided for this will produce data with panel
resonances. The primary structure serves as
a better reference for future investigations and
tests. Figure 3 shows an ideal installation of
accelerometers on primary structure. Ac-
cclerometer mounting blocks are not used.
Whenever possible, environmental 3imulations
in the laboratory should be referred to flight or
field measurements obtained on primary struc-
ture. The measurement of the vibration en-
vironment surrounding individual critical items
can be established by installing accelerometers
on the critical items' supporting structure.
Where equipment is mounted on flimsy struc-
ture, measurements should be obtained on both
the flimsy structure and on the nearest rigid
structure. This recomraendation is made so
that laboratory tests will correlate with flight
and field tests. Laboratory vibration tests are
difficult to control when the control acceierom-
eter measures the response of soft structures
such as skin panels. It is more desirable to
control on rigid primary structure; therefcre,
the vibration test specimen should, if practi-
cable, include rigid primary structure.
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The selection of accelerometer locations
for optimum controi of shaker equipment
deserves additional discussion. Figure 4
displays a vibration test specimen with
numerous accelerometers. The test specimen
consists of a large fiberglass panel, with
electronic equipment, which is mounted on
special vibration isolation strips and support-
ing structure. The supporting structure con-
sists of intercostals, ring frames, and vehicle
skin. In turn, the supporting structure is
secured to a strong magnesium fixture and an
electrodynamic exciter with a force rating of
30,000 pounds. Acceleromecters have been
located to measure vibration inputs to the
isolators, transmission across the isolators,
response of the panel, and responses on scme
of the electronic equipment. If the vibration
test criteria apply to the structure side of the
isolators, where is the best place to locate the
control accelerometer? The optimum test
control occurs when all of the supporting struc-
ture is vibrating at the same vibration level.
This is difficult to achieve, for there is only
one shaker input; furthermore, the large speci-
men will display modes which will create
various levels throughout the structure. Any
method of control will provide only a compro-
mise for the ideal lest control. lmprovements
in control methods are always in order; new
measuring devices, vibration surveys, experi-
ence, and good engineering judgment will tend
to improve control conditions. With the speci-
men shown in Fig. 4, the control could be
placed at several locations on the structure.
As noted earlier, the control accelerometer
should not be placed on the skin panel, for the
response of the panel will not permit adequate
control of the test. Fortunately, this specimen
has relatively rigid boundaries: the ring
frames and the intercostals. The test was
conducted satisfactorily by controlling at the
left upper corner {(acceleromeler No. 1)
where Lhe intercosial and the ring fraimne con-
nect.
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Fig. 3 - Ideal installation of accelerometers
on primary structure
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Fig. 4 - Accelerometer locations on typical
complex vibration test
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Commercially available maximum ampli-
tude and averaging control circuits were not
used during the above vibration test because
limitations were found in both of these instru-
mentaiinn systems during previous tests. The
maximum amplitude control circuit selects the
largest of several (1 to 5) accelerometer sig-
nals for controlling the shaker servo system,
The limitation of this particular system is the
slow switching time of the electrical components
which causes the shaker to generate harmful
transients. Similarly, the averaging system
causes transients in the shaker system when
out-of-phase signals from the accelerometers
add to an algebraic sum of zero. This zero
signal has occurred with as many as four ac-
celerometer signals being averaged. It is
recommended that the maxirnum amplitude and
averaging systems be improved electronically
to eliminate their limitations. These improve-
ments are a simple design problem for any com-
petent electronic engineer. Transistor switch-
ing circuits are available which can provide the
fast switching needcd for the maximum ampli-
tude control circuit, and rectification circuitry
can be used to provide an absolute value for the
averaging circuit. If it is desired to use the
present averaging system without modification,
odd numbers of accelerometers should be used
to avoid the out-of-phase problem and the ac-
celerometers should be placed on the specimens
where known in-phase amplitudes occur.

AMPLIFIERS

Signals from dynamic transducers are
transmitted to magnetic tape recorders either
directly or through telemetry systems. Addi-
tional support is provided by amplifiers designed
to match transducer impedances. The recording
oscillograph, formerly the primary recording
medium, has been delegated the role of display-
ing playbacks of magnetic recordings for exam-
ination of signal fidelity and dynamic time
histories.

Amplifiers designed for dynamic instru-
mentation place certain limitations on the trans-
mitted signal. The term "amplifier' includes
cathode followers (primarily matching devices)
and electronics used to increase the dynamic
signals to levels satisfactory for transmission
and recording. These units are available in
miniaturized and transistorized versions with a
range of characteristics. Table 2 shows the
range of characteristics found in some of the
presently available accelerometer amplifiers.

Since telemetry systems are used to trans-
mit vibration data in most missile and space

21

TABLE 2
Char.cteristics of Some Available
Accelerometer Amplifiers

Characteristic Value
Input impedance (megohms) 0.1 - 1000
Gain 0.90 - 500
Frequency response {cps) 1 - 100,000
Output impedance {(ohms) 10 - 10,000
Linearity (%) +1 - 15
Gain stability (%) £0.25 - 5

vehicle applications, it is appropriate to present
the specifications of an amplifier which produces
the required 5-volt peak-to-peak signal for
telemetry. Subminiature "charge' amplifiers
suitable for telemetry have been developed by
several of the accelerometer/amplifier manu-
facturers. The specifications for one of these
amplifiers are as follows:

Source impedance: not less than 50 M

Output impedance: 500 ohms
Bias: +2.5 £5% vdc with
100 K load

Maximum linear ac
output voltage: +2.5 v, nominal.
Instantaneous out-
put limited at O v
+0.05v/-0.00vand
5.50 v z0.15 v.

100 X or more

2 to 20 mv output/
picocoulomb input

Load impedance:
Charge gain:

Frequency response: +5%, -10%; 3 to 10ke
+5%; 5 to 10 ke

Linearity: +29,

Warmup time: 30 sec, maximuin

Power: 28 + 4, -8 vdc ar 20

ma, maximum
1x 1.115 x 2.165 in.
95 grams nominal

Dimensions:
Weight:

Phase shift data on accelerometer ampli-
fiers are displayed in Fig. 5 [7]. The upper
curves represent the phase shift found in a
typical cathode follower under no load and full
load conditions. The lower curves are phase
shift data for amplifiers with gains of 10 {solid
line) and 100 (dashed line). It can be seen that
the cathode follower with its impedance match-
ing properties deviated less from ideal zero
phase shift conditions. Response spectra of
some amplifiers are shown in Figs. 6 and 7 [7].
Figure 6 shows the response for a galvanometer
amplifier with an output of 110 ma into 10 ohms.
The amplifier is flat from 15 to 1500 cps; how-
ever, this amplifier, with proper calibration
techniques, can be used to encompass the fre-
quency range from 5 to 10,000 cps. Figure 7
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depicts the response of a laboratory amplifier
used to obtain voltage gains of 1 and 10 with no
loads duwn to 2500 ohms. The left side of the
graph shows the effeci of load on the low-
frequency response of the amplifier. The am-
plifier's response rolls off with increased load
below 30 cps. The right side of the graph
shows the effect of gain on the high-frequency
response of the amplifier. The amplifier's
response rolls off with increased gain at fre-
quencies above 30 kc. The no load/gain of 1
curve is essentially flat from 1 cycle to 500 kec.
On the other hand, the 2.5-K load/gain of 10
curve rolls off rapidly from 30 to 2 cycles on
the low end and from 30 to 300 kc on the high
end. In spite of this, it is felt that usable data
can be obtained from 5 to 150,000 cycles under
these 2.5 K-load/gain of 10 conditions.

TELEMETRY

Whereas transducers and amplifiers have
been discussed briefly, the next logical step is
consideration of the advantages and limitations
of telemetry systems. Various telemetry sys-
tems are available fcz rhe transmission of flight
data. Because of the diverse instrumentation
requirements of aircraft, missiles, and space
vehicles, no single telemetering package with
fixed capabilities will be satisfactory for all
applications; however, the FM-FM system has
been used widely to compile dynamic data.

Following are some of the telemetering systems’

that are available:
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FM Frequency modulation
FM-FM Frequency modulation—
frequency modulation
SSB-FM Single sideband—frequency
modulation
DSB-FM Double sideband—frequency
modulation
PCM-FM Pulse code modulation--
frequency modulation
AM Amplitude modulation
AM-AM Amplitude modulation—
amplitude modulation
FM-AM Frequency modulation--
aniplitude modulation
PAM Pulse amplitude modulation
PAM-FM Pulse amplitude modulation—
frequency modulation
PCM Pulse code modulation
FSK-PCM Frequency-shift keying—pulse
code modulation
PSK-PCM Phase-shift keying—pulse
code modulation
PACM Pulse amplitude code modula-
tion
PACM-FM Pulse amplitude code modula-
tion—frequency modulation
PDM Pulse duration modulation
PDM-FM Pulse duration modulation—

frequency modulation

The FM-FM system is the workhorse of
aircraft, missile, and space vehicle telemetry;
however, advancing missile and space vehicle
data acquisition and transmission requirements
will result in the utilization of other telemetry




systems. Recently, the PAM-FM system was
used by one of the missile contractors to pro-
vide eight vibration channels of 2-kc response.
The PACM combination has frequency re-
sponse capabilities to 10 ke, according to its
backers. The FM-AM system has been used
for years by British engineers to supply 10- to
10,000-cps information over six simultaneous
channels. A system is presently being used
which employs the SSB-FM techniques. A new
development is a DSB-FM telemetry system
which provides wide band {dc tu 3 kc) response.
Most of the telemetry equipment used today is
analog, but digital systems should play an im-
portant role in the future.

The British system, known as the Bristol
High Frequency Telemetry System, is a FM-AM
system which provides six continuous channels
with a response from 10 cps to 10 ke with
proper cailibration. The calibration is neces-
sary, for there is some falling off in response
outside the 50- to 2000-cps band. The Bristol
system has an accuracy of +5 percent for only
the telemetering equipment. Bristol engineers
have used barium titanate accelerometers with
+5 percent accuracy (separate from the telem-
etry accuracy) and inductance transducers with
2 percent accuracy. The frequency of the

Bristol system is within one percent. Gne

drawback of this British system is the limited
range of 20 miles. The range can be increascd
by approximately 50 percent by reducing the
usable bandwidth and by using only two chan-
nels. The range can be increased by 100 per-
cent with the addition of low-pass filters atten-
uating above 2000 cps. Ia this system the
subcarrier signal of each channel is FM mod-
ulated and the mixed subcarriers are used to
amplitude moduiate a 465-Mc transmitter |31,

The single sideband technique is being
used presently on space vehicles. Basically,
the SSB-FM system consists of 15 single side-
band subcarriers summed into a composite
signal to modulate a FM carrier. The data
signals are fed to a balanced (first) modulator
with a 455-ke carrier (Fig. 8). The 455-kc
carrier is modulated by 0.G5- io 3.0-kc data
input signals which produce sidebands near the
carrier frequency. Following the first mod-
ulator is a two-stage amplifier and a bandpass
filter which passes only the upper sideband of
455.0 to 458.0 ke and rejects all others. Next,
the upper sideband signal is sent to the second
modulator with a carrier frequency selected to
place the difference signal at the desired loca-
tion in the 15-channel passband. The cutputs of
the second modulators provide 15 evenly spaced
frequencies: 1.74 to 4.74 kc (Channel 1), 6.48 to
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9.48 kc (Channel 2), .. . 68.10 to 71.0 kc (Chan-
nel 15). Thus, each of the 15 data channels
contain a first modulator (455-kc carrier) and
a second modulator with a selected carrier
frequency. All 15 signais from the second
modulators are combined in a linear mixing
network with an amplitude and frequency ref-
erence tone (75.83 kc). The composite signal
is passed through a 100-kc low-pass filler and
amplified prior to modulating the FM signal in
the FM telemetry transmitter. The composite
signal to the transmitter is 50 to 75,833 cps.
Figure 9 is a simplified block diagram of the
SSB demultiplexer. The demultiplexer reverses
the frequency transposition process of the mul-
tiplexer. Input signals to the demultiplexer are
provided by a standard telemetry receiver or 2
suitable instrumentation tape recorder. The
multiplexed signal (50 cps to 75.83 kc) passes
through a 76-kc low-pass filter which prevents
entry of extraneous high-frequency information
into the demodulating channel units. Next, the
haseband signals are attenuated and isolated by
a splitting network for injection to the 15 indi-
vidual channel units. From the splitting net-
work, the signals enter the first demodulator
with the same selected carrier frequency used
in the multiplexer. The sidebands produced by
the carrier tone and baseband frequencies fall
within the ranges of 461.48 to 464.48 kc and
458.0 to 455.0 kc. The first modulator is

followed by a two-stage amplifier with a 455.0-
to 458.0-kc bandpass filter. The second step of
demodulation uses a phase split demodulator.
The 455.0- to 458.0-ke information signal is
demodulated into the frequency range from 0.05
to 3.0 kc. Finally, the data signal is passed
through a 3.0-kc low-pass filter, amplified, and
presented to a data recording device [9]. The
15 channels of the SSB/FM systems have band-
widths from 50 to 3000 cycles. Empirical cal-
ibration data recorded over 15 channels of a
SSB/FM telemetry system show a 10 db
decrease at 50 cps (Fig. 10); therefore, FM-
FM channels are required for lower frequency
vibration data.

Although various techniques havc been
utilized to apply modulations, the most reliable
and commonly used method is the FM-FM
telemetry system. In the FM-FM system, the
transducer signal modulates a subcarrier fre-
quency which is mixed with other subcarriers
to create a coniposite signal that, in turn, fre-
quency modulates the main carrier frequency
(usually from 215 to 260 Mc). A study of FM-
FM telemetering characteristics requires an
examination of the main units that comprise
the FM-FM systems. M2ajor units include sub-
carrier oscillators, radio-frequency transmit-
ters, amplifiers, bandpass filters, radio-
frequency receivers, and subcarrier
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Fig. 9 - Block diagram of single sideband demultiplexer
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SSB/FM telemetry system
discriminators. FM-FM channels are stand-

ardized according to Inter Range Instrumenta-
tion Group (IRIG) specifications. Eighteen
subcarrier frequencies are available for +'M
modulation. The intelligence freguency which
can be transmitted by individual subcarriers is
proportional to the subcarrier bandwidth in
cycles. Table 3 gives the IRIG subcarricr
bands; Table 4 gives a proposed expansion of
IRIG specifications.

Sample information on the characteristics
of FM-FM telemetry is displayed in Figs. 11
through 15. Figure 11 shows linearity data

from a 40-kc (Channel 16) subcarrier oscillator.

The curve of Fig. 11 (input signal vs frequency
deviation) shows that the subcarrier oscillator
hag excellent linearity. Subcarrier oscillators
are available commercially that maintain this
linearity with negligible sensitivity shift over
the temperature range from 75 to 150°F. Re-
sponse curves, based on actual field calibra-
tions, tor Channels A (22 kc +15 percent
deviation) and C (40 ke +15 percent deviation)
are given in Figs. 12 and 13.- These data were
obtained from end-to-end calibrations of the
telemetry system. The calibration signal was
inserted across 100 ohms in series with a
piezoelectric accelerveicr inslalled in a miis-
sile. The calibration signal passed through a
charge amplifier, a low-pass filter, a voltage-
controlled oscillator (VCO), a wide band am-
plifier, a FM transmitter, antennas, a2 FM
receiver, tape recorders, a discriminator, and
a Gaussian filter. The calibrations were
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performed at the band edge of the voltage con-
trolled oscillators (5 volts peak-to-peak).
Figures 12 and 13 show data passed thiough a
1200- and a 2100-cps low-pass Gaussian filter,
respectively. The data in these two figures
indicate that the better frequency response is
obtained with thc 2100-cps low-pass Gaussian
filter, however, the S/N ratio is decreased and
the noise floor is raised (4 to 10 db) with the
higher filter. To assure intelligent transmis-
sion in FM systems, interchannel modulation
can be kept at a minimum by keeping the output
potentials from transducers and amplifiers
between 0 and 5 volts dc. This can be ac-
complished by the addition of limiting circuits
that prevent any higher-than-anticipated vibra-
tion signals from exceeding the 5-volt range
and causing undesirabie intermodulation.
Various limiting circuits are available; one is
described in Ref. 1. The radio frequencies
generally used for FM-FM transmission lie in
the range from 215 to 260 Mc. Other frequen-
cies (108, 378, and 960 Mc) have been used for
space probe telemetering systems with low-
frequency subcarrier bands, IRIG Channels 1
to 6. The FM-FM telemetry signals may
occupy a bandwidth from 75 to 500 kc. IRIG
specifications call for the rf carrier frequency
to be stable within +0.01 percent of the carrier
frequency. The relationship between noise ard
rms error in a receiver with a bandwidth of
500 kc is exhibited in Fig. 14 [10]. The rms
error, an average of 8 subcarrier bands,
approaches one percent for signal-to-noise
ratios of 12 or greater. The rms error as a




TABLE 3
IRIG Subcarrier Bands

Center Lower Upper Max. Frequency
Band Frequency Limit Limit Dev. Response

(cps) (cps) (cps) (%) (cps)

1 400 370 43 7-1/2 6.0

2 560 518 602 7-1/2 8.4
3 730 675 785 7-1/2 11
4 960 888 1032 7-1/2 14
5 1300 1202 1398 7-1/2 20
6 1700 1572 1828 7-1/2 25
7 2300 2127 2473 7-1/2 35
8 3000 2775 3225 7-1/2 45
9 3800 3607 4193 7-1/2 59
10 5400 4995 5805 7-1/2 81
11 7350 6799 7901 7-1/2 110
12 10500 9712 11288 7-1/2 160
13 14500 13412 15588 7-1/2 220
14 22000 20350 23650 7-1/2 330
15 30000 27750 32250 7-1/2 450
16 400C0 37000 43000 7-1/2 600
17 52500 48560 56440 7-1/2 790
18 70000 64750 75250 7-1/2 1050
Ax 22000 1870 25300 15 660
B 30000 25500 34500 15 900
C 400090 34000 46000 15 1200
D ' 52500 44620 60380 15 1600
E | 70000 ! 59550 80500 15 2100

Based on maximum deviation and deviation ratio of 5.

*Bands A through E are optional and may be used only by omitting adjaceni bands as follows:

Band Used

Hoaos>

function of rms carrier deviations for a 300-kc
bandwidth is displayed in Fig. 15 [10]. This
curve indicates that values of 100-kc deviation
or less are desirable; however, most FM-FM
systems in use today are set for carrier devia-
tions of 125 ke. Hecewer bandwidths from 200
to 500 ke with rms carrier deviations from 60
to 125 ke are considered o be practical sys-
tems. Accuracies of 2 to 3 percent rms arc
considered to be reasonable in FM-FM telem-
etry syvstems (aside from transducer and am-
plifier accuracies).

Proposed uses for space telemetry include
the uiilization of new spectra: 136 to 137 Mc
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Omit Bands

15 and B
14, 16, Aand C
15, 17, Band D
16, 18, Cand E
17 and D

(replaces 108 Mc), 400 to 401 Mc (takes over-
flow from 136 to 137 Mc band), 1427 to 1429 Mc,
1435 to 1535 Mc and 2225 to 23<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>